Neuronal Development: Putting Motor Neurons in Their Place  by Guthrie, Sarah
Sarah Guthrie
In the developing spinal cord, motor neurons occupy
discrete columns with different identities and axon
projections. This organisation has now been shown to
depend crucially on sequential phases of expression
of Hox-c proteins, generated in response to fibroblast
growth factor signals.
The developing nervous system contains a multitude of
distinct neuronal types, which must differentiate in
their correct positions within a complex pattern. Some
profound insights into the emergence of neuronal iden-
tity have been acquired from studies of spinal motor
neurons, which are generated ventrally within the ven-
tricular zone of the developing neural tube (reviewed in
[1,2]). Spinal motor neurons diversify to form columns
at distinct positions with regard to the mediolateral and
rostrocaudal (head-to-tail) axes of the neural tube. This
columnar organisation is closely linked to the correct
formation of axon pathways and neuronal connections
(reviewed in [1]). Thus, lateral motor column (LMC)
neurons, which innervate the limbs, are found only at
brachial (forelimb) and lumbar (hindlimb) levels, while
at thoracic levels, column of Terni (CT) neurons are
present, projecting to the sympathetic ganglia (Figure
1A). When the spinal cord is viewed in transverse
section, LMC neurons are located laterally within the
cord in an ovoid cluster, while CT neurons occupy
medial positions forming a characteristic half-moon
shape (Figure 2).
What might explain this striking arrangement of motor
columns within the spinal cord? Adjacent mesodermal
tissues are known to provide rostrocaudal patterning
signals, which might include members of the fibroblast
growth factor (FGF) family [3,4] (Figure 1B). What may
be a key to the interpretation of such signals is provided
by the Hox-c family of proteins, which are expressed in
distinct rostrocaudal domains of the nascent spinal
cord. In vitro experiments showed that FGF signalling
could influence Hox-c expression in neural tube
explants, with higher levels of FGF signalling leading to
more posterior Hox-c profiles [4]. An important unre-
solved question was whether Hoxc proteins are instru-
mental in establishing rostrocaudal, and thus columnar,
motor neuron identity in vivo.
Dasen et al. [5] set out to test this idea by first
investigating Hox-c protein expression patterns
among motor neurons in the chick embryo. They
found that, whereas Hoxc6 expression was confined
to brachial levels, Hoxc9 expression was restricted to
thoracic levels, correlating with the positions of LMC
and CT neurons, respectively. LMC neurons can be
distinguished by expression of the enzyme retinalde-
hyde dehydrogenase-2 (RALDH2), and the LIM
homeobox protein Islet-2/Lim-1; CT neurons express
BMP5, a member of the transforming growth factor-β
(TGF-β) family. Use of these markers, together with
antibodies against Hox-c proteins, showed that LMC
neurons express Hoxc6 whilst CT neurons express
Hoxc9 (Figure 2). 
Could FGF signalling be involved in generating this
neat pattern of Hox-c expression? In order to test this,
Dasen et al. [5] misexpressed FGF8 in the spinal cord of
chick embryos using electroporation — a technique
allowing a transient and high level of expression of a
gene of interest in a localised region of the embryo.
Transfection of FGF8 at brachial levels together with a
green fluorescent protein (GFP) marker led to the extinc-
tion of Hoxc6 expression and onset of Hoxc9 expres-
sion, normally associated with thoracic levels. Brachial
motor neurons also switched off the markers RALDH2
and Islet-2/Lim-1, and no longer formed an ovoid
cluster, all of which are characteristics of the LMC [5].
Instead they switched on BMP5, adopted the ‘semilu-
nar’ arrangement of thoracic CT motor neurons, and
projected axons to the sympathetic ganglia (Figure 2).
FGF8 is thus capable of eliciting a switch in the colum-
nar identity of motor neurons from brachial to thoracic.
But does the expression of an individual Hox-c
protein itself lead to a change in motor neuron
identity? When Hoxc9 was misexpressed at brachial
levels, Hoxc6 was suppressed, resulting in a lack of
LMC differentiation reflected in reduced RALDH2 and
Islet-2/Lim-1 expression. The expression of BMP5 and
presence of neurons in a CT position showed that
neurons had switched their identity from a brachial to
a lumbar identity. Conversely, expression of Hoxc6 in
thoracic regions led to the repression of Hoxc9 and
BMP5, and the motor neurons switched on LMC
identity, as indicated by RALDH2 and Lim-1/Islet-2
expression and a lateral position (Figure 2). This pair
of Hox-c proteins thus seems to have a potent and
antagonistic effect, being mutually repressive, and
specifying motor neurons within the brachial and
thoracic territories. Interestingly, the related Hoxa6
and Hoxa9 proteins were found to have similar
activities in motor neuron specification.
These patterning changes were obtained by
misexpressing Hox proteins in progenitor cells, raising
the question of whether expression in post-mitotic
neurons would have the same effect. When a vector
incorporating a promoter that functions only in post-
mitotic neurons was used, expression of Hoxc9 at
brachial levels suppressed Hoxc6 expression and
blocked the generation of LMC neurons, but failed to
induce CT differentiation. For CT neurons, expression
of Hox proteins is thus required in progenitors as well
as in post-mitotic neurons. On the other hand, expres-
sion of Hoxc6 in post-mitotic neurons at thoracic levels
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could elicit the full differentiation of brachial motor
neurons. It is not clear why this disparity should exist.
As Hoxc6 and Hoxc9 can repress each other, is
repression the primary mechanism by which the Hox
proteins act to influence motor neuron columnar fate?
Forced expression of both Hox proteins at high levels in
either domain resulted in maintenance of normal motor
columns, showing that the ability of Hox-c proteins to
block a differentiation programme does require their
repressor function — you cannot induce an inappropri-
ate differentiation program  by ectopic Hox protein
expression without simultaneously repressing the
appropriate one.
But is there also a role for the activating function of
these proteins? A strategy for eliminating any activator
function was devised in which ‘repressor’ derivatives
were made by fusing the Hox-c proteins to a domain of
the Drosophila Engrailed protein (Enr) known to function
as a strong transcriptional repressor, generating the
fusion products Enr–Hoxc9 or Enr–Hoxc6. Dasen et al.
[5] found that expression of Enr–Hoxc9 in the brachial
region suppressed both Hoxc6 expression and the dif-
ferentiation of LMC neurons, but failed to induce CT
neurons. Conversely, thoracic expression of EnR–Hoxc6
suppressed Hoxc9 expression and CT neuron differen-
tiation, but failed to induce LMC neurons. 
These results suggest that the Hox-c proteins have
‘yin’ and ‘yang’ characteristics: their repressor function
is required to suppress inappropriate cell types, but
proper induction of the correct cell type requires their
activator functions. This was confirmed by expression
of Enr–Hoxc6 or Enr–Hoxc9 in the brachial or thoracic
regions, respectively, which resulted in loss of the
appropriate LMC and CT identities. The resulting
‘anonymous’ motor neurons may assume a sort of
ground state similar to that of medial motor column
(MMC) neurons, which are not unique to brachial or tho-
racic levels and project to body wall or axial muscles.
Although the new results reveal important roles of
Hoxc6 and Hoxc9, they do not preclude involvement of
other Hox proteins in motor neuron specification. Hox
proteins are known to interact and regulate each other
via complex networks [6,7]; the overall level of Hox
protein of a particular paralogue group may also be sig-
nificant [8]. Indeed, as mentioned above, Dasen et al. [5]
found that Hoxa6/c6 and Hoxa9/c9 have similar abilities
to specify motor columnar identity. This redundancy
might help to explain why defects in motor column
organisation have not been found in mouse Hox
mutants. As lumbar motor neurons express the Hox10
paralogues — depending on FGF and GDF11 signalling
[4] — it is possible that these serve an important func-
tion at more caudal levels [6,9].
Sequential phases of Hox expression might also
control later aspects of motor neuron development, as
some Hox genes may also be expressed in particular
‘motor pools’, functional groups of neurons which inner-
vate a particular muscle [3,9,10]. Similar roles for Hox
proteins have been revealed for hindbrain motor
neurons, which are organised into clusters or nuclei,
rather than columns. Hoxb1 is pivotal for facial motor
neuron differentiation, migration and axon projection
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Figure 1. Overview of the differentiation of
columns of LMC and CT motor neurons.
(A) LMC and CT axon pathways from the
spinal cord to the periphery, overview and
transverse sections. (B) FGF concentra-
tions in the environment, and gene
expression profiles in the spinal cord and
the lateral plate mesoderm, with relation
to the positions of the LMC and CT
neurons and the limbs. (Adapted from [5].)
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[10–12], while the Hox3 paralogues are implicated in the
formation of somatic motor neurons of the abducens
and hypoglossal nuclei [13,14]. Retinoic acid and FGFs
are known to be involved in eliciting cranial patterns of
Hox expression [15], but other signals may remain to be
discovered.
The patterned expression of Hox-c proteins in
response to FGF signals may provide a key to the
ontogeny of LMC motor neurons, which arise adjacent
to the forming limbs. Limb formation itself occurs in
response to FGF [16], which elicits patterned Hox gene
expression from the lateral plate mesoderm important
for limb patterning [17], in addition to its effects on the
neural tube. Thus the same signals acting via Hox
genes appear to unite limb development and LMC iden-
tity. Nevertheless, future work is needed to confirm
whether the Hoxc genes control not only the molecular
phenotypes of motor neurons, as demonstrated here,
but also dictate the other properties required for correct
axon pathfinding and connectivity.
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Figure 2. Changes in motor neuron colum-
nar identity in response to misexpression
of FGF8, Hoxc6 and Hoxc9. 
The marker used is indicated above panel.
The first two rows show the normal
arrangement of motor neurons at brachial
and thoracic levels, along with normal
expression patterns of RALDH2 by
immunohistochemistry, and BMP5 by in
situ hybridisation. The next three rows
show overexpression of FGF8/GFP,
Hoxc9/GFP and Hoxc6/GFP on the left
hand side of the embryo. Markers as above
with the addition of immunohistochemistry
for Hoxc6 and Hoxc9. Abbreviations as in
text of article. (Adapted from [5].)
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